Summary: Using two breeds (Meishan and Landrace) of pigs and their crossbred offspring (ML, Meishan © Landrace; LM, Landrace © Meishan), of which males have genetically different serum androgen levels, we examined whether or not serum androgen plays a crucial role in the constitutive gene expression of hepatic sulfotransferases (SULTs) and UDP-glucuronosyltransferases (UGTs). Real-time RT-PCR analyses showed that in Meishan, ML, and LM pigs, SULT1A1 and SULT2A1 mRNA levels were lower in males having high levels of serum androgen (>38 ng/ml) than in females, whereas those of UGT1A1, UGT1A6, and UGT2B31 were just the opposite. In Landrace pigs having low levels of serum androgen (<22 ng/ml), no such sex differences in expression levels were observed. Moreover, castration of male Meishan pigs altered the gene expression patterns of SULTs and UGTs to female levels. Testosterone-treatment to the castrated males and intact females of either pig breed resulted in decreased SULT1A1 and SULT2A1 and increased UGT1A1, UGT1A6, and UGT2B31 mRNA levels. These findings demonstrate that androgen is one of the physiological factors that determine sexual dimorphism on the constitutive gene expression of SULTs and UGTs in the pig liver.
Introduction
Mammalian cytosolic sulfotransferases (SULTs) and microsomal UDP-glucuronosyltransferases (UGTs) are representative phase II drug metabolism enzymes. These phase II enzymes play an important role in the metabolism of xenobiotics and endogenous substances including steroids and bile acids. [1] [2] [3] [4] [5] [6] [7] [8] Human SULT genes consist of four families, SULT1, SULT2, SULT4, and SULT6, in which thirteen genes have been identified to date. 9,10) SULT1A1, a major SULT in humans, 11) plays a significant role in the metabolism of xenobiotics and endogenous substances including iodothyronines and estrogens. 2, [4] [5] [6] Furthermore, SULT2A1, which exists in the liver and steroidogenic organs, contributes to the metabolism of endogenous substances such as dehydroepiandrosterone and bile acids. 2, [4] [5] [6] Human UGT genes have been categorized into four families, UGT1, UGT2, UGT3, and UGT8, which consist of nine, ten, two, and one subfamily members, respectively. 8, 12) UGT1A subfamily enzymes catalyze the glucuronidation of xenobiotics and endogenous substances including estrogens and bilirubin, while UGT2B subfamily enzymes carry out the glucuronidation of xenobiotics and endogenous substances including bile acids and androgens; however, there is overlapping substrate specificity among members of both subfamilies. 1, 3, 7) Sexual dimorphism in the hepatic constitutive expression of SULT and UGT isoforms as well as cytochrome P450s (CYPs) is often observed in humans and experimental animals, [13] [14] [15] [16] [17] [18] [19] and in some cases, the sex difference expression pattern differs among mammalian species including humans. For example, hepatic Sult1a1 constitutive gene expression levels in mice are higher in females than in males, 19) while the sex difference in rats is the opposite. 13) A mechanism for such species differences in the sexrelated gene expression of enzymes remains unclear, although sex differences in expression levels of drug-metabolizing enzymes, including phase I and II enzymes, are generally explained by differences in secretion patterns of growth hormones. 16) Recently, we have proposed that sex differences (male < female) in the constitutive gene expression of hepatic CYPs, such as CYP1A1, CYP1A2, CYP2A19, and CYP2E1, in pigs are caused, at least in part, by androgen-mediated downregulation of the CYP genes in males, [20] [21] [22] and further demonstrated that the serum androgen level is determined by autosomal dominant inheritance. 22) In the present study, using male and female Meishan, Landrace, and their crossbred F1 pigs having genetically different levels of serum androgen, we examined whether or not androgen is a physiological factor responsible for sexual dimorphism in the constitutive expression of two SULT and seven UGT genes. The results obtained strongly suggest the existence of androgen-mediated sexual dimorphism in the constitutive expression of SULT and UGT subfamily genes in the pig liver.
Materials and Methods
Animals: The liver samples from 5-month-old Meishan, Landrace, and their crossbred F1 (ML, female Meishan © male Landrace; LM, female Landrace © male Meishan) pigs used were the same as those used in the previous study. 22) All of the pigs used were kept at the National Institute of Livestock and Grassland Science, Tsukuba, Japan. All pigs were fed a commercial grain diet and provided with water ad libitum. Pigs were euthanized between 10:00 and 11:00 am. Some of the male Meishan and Landrace pigs were castrated at the age of 1 month and euthanized at 5 months old. After each animal in the experimental group had been euthanized, a portion of the liver was quickly removed, frozen in liquid nitrogen and kept at ¹80°C until subsequent analyses.
All animals were handled humanely under the guidelines of the National Institute of Agrobiological Sciences and National Institute of Livestock and Grassland Science (Tsukuba, Japan).
Androgen treatment: As previously described, 22) testosterone propionate (TP, Sigma Chemical Co., St. Louis, MO) dissolved in corn oil was injected intramuscularly five times at 48-h intervals into the rear leg of each pig using a dose of 10 mg/kg body weight, and the pigs were euthanized 24 h after the final injection.
Serum testosterone level: The serum testosterone levels of individual male pigs were measured using the Correlate-EIA Testosterone Enzyme Immunoassay Kit (Assay Designs, Inc., Ann Arbor, MI) according to the manufacturer's instructions, as previously described. 22) Hepatic SULT and UGT mRNA expression: The expression levels of two SULT genes (SULT1A1 and SULT2A1) 23, 24) and seven UGT genes (UGT1A1, UGT1A3, UGT1A6, UGT1A10, UGT2B18-like, UGT2B31, and UGT2B31-like) were assessed by real-time RT-PCR using a 7500 Real Time PCR System with SYBR green master mix (PE Applied Systems, Tokyo, Japan) as previously described.
21) The primer sets used in the present study are shown in Table 1 , and all primers were used at a concentration of 200 nM. Ribosomal protein L7 (RPL7) was used as an internal standard. The amount of each cDNA was assessed by the relative standard curve method according to PE Applied Biosystems User Bulletin #2 (1997). Standard curves to determine the expression levels of the genes, with the exception of the UGT2B18-like gene, were generated using an RT-reaction mixture with total RNA from the liver of female Landrace pigs. For the UGT2B18-like gene, the standard curve was generated using an RT-reaction mixture with total RNA from the liver of female Meishan pigs.
Statistical analysis: Statistically significant differences were assessed by Student's t-test.
Results
SULT mRNA expression: Hepatic expression levels of SULT1A1 and SULT2A1 mRNAs were compared among Meishan, Landrace, and their F1 (ML and LM) offspring (Fig. 1) . In Meishan, ML, and LM pigs, the levels of these mRNAs were significantly higher in females than in males. In particular, SULT1A1 mRNA was barely detected in the males of these breeds. On the other hand, no such sex differences were observed in Landrace pigs, although both SULT1A1 and SULT2A1 mRNAs were definitely expressed in both sexes. In addition, no differences in SULT gene expression levels were observed among male Meishan, ML, or LM pigs or among female pigs of any the breeds used.
Androgen-mediated downregulation of SULT genes: The relationships between serum androgen level and hepatic SULT1A1 and SULT2A1 mRNA levels were first examined, and the results showed negative correlations between these parameters (Fig. 2) . When serum testosterone level exceeded around 40 ng/ml, clear decreases in the levels of those SULT mRNAs, particularly SULT1A1 mRNA, were observed.
To further confirm such androgen-dependent decreases in the SULT mRNA levels, the effects of castration and/or administration of TP to Meishan and Landrace pigs were examined (Fig. 3) . The castration of male Meishan pigs led to increases in the levels of SULT1A1 and SULT2A1 mRNAs, which corresponded to those of intact female levels. In contrast, in Landrace pigs, no clear castration effect was observed in SULT1A1 or SULT2A1 gene expression levels. In both Meishan and Landrace pigs, TP treatments of castrated males and intact females led to dramatic decreases in SULT1A1 and SULT2A1 mRNA levels. UGT mRNA expression: UGT1A1, UGT1A3, UGT1A6, and UGT1A10 mRNA expression levels were compared among Meishan, Landrace, and their crossbred F1 (ML and LM) offspring. In Meishan, ML, and LM pigs, UGT1A1 and UGT1A6 mRNA levels were significantly higher in males than in females (Fig. 4A) . In Landrace pigs, however, no such sex differences were observed. In addition, no breed differences in these UGT mRNA expression levels were observed among sex-matched Meishan, ML, or LM pigs. Regarding UGT1A3 and UGT1A10 mRNA expression levels, no significant sex or breed differences were observed in any of the pig breeds examined.
UGT2B18-like, UGT2B31, and UGT2B31-like mRNA expression levels were further examined (Fig. 4B) . In Meishan, ML, and LM pigs, but not in Landrace pigs, sex differences (male > female) in UGT2B31 mRNA expression levels were also observed. In contrast, no significant sex or breed differences in the two other UGT2B mRNA expression levels were observed. Interestingly, UGT2B18-like mRNA was clearly detected in both sexes of Meishan, ML, and LM pigs, but not in either sex of Landrace pigs.
Androgen-mediated upregulation of UGT genes: The relationships between serum androgen level and hepatic UGT1A1, UGT1A6, and UGT2B31 mRNA levels were first examined using male Meishan, Landrace, and their F1 (ML and LM) pigs. Concerning UGT1A1 and UGT1A6 mRNAs, there were significantly positive correlations between these parameters (Fig. 5) , while no such clear correlation (p = 0.0654) was observed concerning UGT2B31 mRNA.
To further confirm the androgen-dependent upregulation of these UGT genes, we next examined the effects of castration and/or administration of TP using Meishan and Landrace pigs (Fig. 6) . The constitutive expression levels of these mRNAs in male Meishan pigs were significantly higher than those of the females. Castration of male Meishan pigs decreased not only UGT1A1 and UGT1A6 mRNA levels but also the UGT2B31 mRNA level to those of the intact females. In contrast, in Landrace pigs, no such castration-mediated changes were observed. Furthermore, in both Meishan and Landrace pigs, TP treatments of castrated males and intact females led to significant increases in UGT1A1, UGT1A6, and UGT2B31 mRNA levels.
In both Meishan pig sexes, UGT2B18-like mRNA was clearly detected; however, the expression levels were not significantly altered by castration and/or TP treatment. In addition, no UGT2B18-like mRNA was observed in either Landrace pig sex, and its expression level was not affected by castration and/or TP-treatment. Moreover, no significant effects of castration and/or TP-treatment on UGT1A3, UGT1A10, or UGT2B31-like Relationships between serum testosterone level and hepatic SULT1A1 and SULT2A1 mRNA levels in male pigs The relationships were assessed on the basis of the data of Figure 1 and the levels of serum testosterone determined by the method described in Materials and Methods. Symbols represent individual pigs: , Landrace pigs (n = 7); , Meishan pigs (n = 8); , LM pigs (n = 7); , ML pigs (n = 7). The correlations were determined by regression analysis, where r is the correlation coefficient. Fig. 3 . Effects of castration and/or testosterone propionate (TP)-treatment on the hepatic SULT1A1 and SULT2A1 mRNA levels in Meishan and Landrace pigs SULT1A1 and SULT2A1 mRNA expression levels were determined by real-time RT-PCR. The levels were normalized to that of RPL7 as an internal standard. Each column indicates the mean in each experimental group, and each bar represents the standard deviation of the mean (n = 8 and 7 for intact Meishan and Landrace males, respectively; n = 3 for other groups). Significant differences from the corresponding male pigs: *p < 0.01. Significant differences between TP-treated and untreated pigs in each breed:
+ p < 0.05, ‡ p < 0.01. Fig. 1 . Hepatic SULT mRNA expression levels in Meishan (M), Landrace (L), and their crossbred F1 (ML and LM) offspring SULT1A1 and SULT2A1 mRNA expression levels were determined by real-time RT-PCR. The levels were normalized to that of RPL7 as an internal standard. Triangles and circles show individual males and females, respectively, in each breed (n = 8 each for male and female Meishan pigs; n = 7 and 8 for male and female Landrace pigs, respectively; n = 7 and 9 for male and female LM pigs, respectively; n = 7 and 10 for male and female ML pigs, respectively). Bars indicate the average in each group. Significant difference between males and females in each breed: *p < 0.01.
mRNA expression levels, which exhibited no sex differences in the constitutive gene expression in Meishan and Landrace pigs (Fig. 4) , were observed in either pig breed (data not shown).
Discussion
In the present study, we examined sex differences in the mRNA levels of hepatic SULTs (SULT1A1 and SULT2A1) and UGTs (UGT1A1, UGT1A3, UGT1A6, UGT1A10, UBT2B18-like, UGT2B31 and UGT2B31-like), and demonstrated for the first time that there are sex differences in the constitutive expression levels of hepatic SULT1A1, SULT2A1, UGT1A1, UGT1A6, and UGT2B31 mRNAs in Meishan, LM, and ML pigs. SULT mRNA expression levels, especially SULT1A1 mRNA, were much lower in males compared with those in females, while those of UGT1A1, UGT1A6, and UGT2B31 mRNAs were the opposite (male > female). These sex differences were not observed in Landrace pigs.
The sex and breed differences in SULT gene expression observed herein are in accordance with previous studies concerning the constitutive expression of hepatic CYP genes, such as CYP1A1, CYP1A2, CYP2A19, and CYP2E1. [20] [21] [22] Accordingly, androgen is thought to negatively control the constitutive expression of the SULT1A1, SULT2A1, and those CYP genes with threshold(s). This hypothesis is strongly supported by the evidence, as follows: 1) androgen-mediated decreases in SULT and CYP mRNA expression levels were observed in Meishan (38-67 ng/ml), ML (57-87 ng/ml), and LM (39-99 ng/ml) pigs with high levels of serum androgen, 22) but not in Landrace pigs (12-22 ng/ml) with low levels of serum androgen, 22) 2) castration of male Meishan pigs, but not male Landrace pigs, resulted in clear increases in expression levels (Fig. 3) , and 3) in the castrated males and intact females of both Landrace and Meishan pigs, the levels of these mRNAs were drastically reduced by TP treatment (Fig. 3) . Furthermore, it has been reported that constitutive expression levels of hepatic Sult1a1 and Sult2a1 mRNAs in mice are higher in females than in males; the authors also suggested that the sex differences are dependent on sex and/or GH hormones. 19) Concerning hepatic expression of SULT2A1 mRNA, no effects of the surgical castration or immunological castration are also reported in male crossbreds (Swedish Yorkshire dams © Swedish Landrace sires), just as in Landrace pigs, with low level of serum androgen. 25) On the other hand, constitutive expression levels of the UGT1A1, UGT1A6, and UGT2B31 mRNAs seem to be positively controlled by androgen. The sex differences in Meishan, ML, and LM pigs and the effects of castration and/or TP-treatment on the expression of the UGT mRNAs were the opposite of those observed for SULT1A1 and SULT2A1 mRNAs. Furthermore, in Landrace pigs, no sex differences in the constitutive expression of Relationships between serum testosterone level and hepatic UGT1A1, UGT1A6, and UGT2B31 mRNA levels in male pigs The relationships were assessed on the basis of the data of Figure 4 and the levels of serum testosterone determined by the method described in Materials and Methods. Symbols represent individual pigs: , Landrace pigs (n = 7); , Meishan pigs (n = 8); , LM pigs (n = 7); , ML pigs (n = 7). The correlations were determined by regression analysis, where r is the correlation coefficient. Fig. 4 . Hepatic UGT1A (A) and UGT2B mRNA (B) expression levels in Meishan (M), Landrace (L), and their crossbred F1 (ML and LM) offspring UGT1A1, UGT1A3, UGT1A6, UGT1A10, UGT2B18-like, UGT2B31, and UGT2B31-like mRNA expression levels were determined by real-time RT-PCR. The levels were normalized to that of RPL7 as an internal standard. Triangles and circles show individual males and females, respectively, in each breed (n = 8 each for male and female Meishan pigs; n = 7 and 8 for male and female Landrace pigs, respectively; n = 7 and 9 for male and female LM pigs, respectively; n = 7 and 10 for male and female ML pigs, respectively). Bars indicate the average in each group. Significant difference between males and females in each breed: *p < 0.05, **p < 0.01.
SULT and UGT mRNA were observed. Accordingly, androgen is thought to positively regulate these UGT genes with threshold(s). Moreover, our preliminary studies indicated that sex differences in SULT1A1, SULT2A1, UGT1A1, UGT1A6, and UGT2B31 gene expression levels in Meishan pigs occur in a sexual maturation (androgen)-dependent fashion (data not shown); however, clear sex differences were observed in 5-month-old pigs, of which males have more than 38 ng/ml of serum testosterone. 22) In general, the secretion profile of growth hormone (GH) is considered as one of the endogenous factors responsible for sexual dimorphism in the constitutive expression levels of several drugmetabolizing enzymes, including CYPs, SULTs, and UGTs. 16, 26, 27) However, the androgen theory proposed herein is strongly supported by the evidence that in spite of sex differences in GH secretion profiles in Landrace pigs, 28) there were no sex differences in the constitutive levels of the SULT or UGT mRNAs examined. However, since the secretion profile of GH is modified by the administration of androgen, [29] [30] [31] it is possible that the castrationand/or TP-treatment-mediated changes in the gene expression levels of hepatic SULTs (SULT1A1 and SULT2A1) and UGTs (UGT1A1, UGT1A6, and UGT2B31) partially occur through changes in GH secretion patterns.
There are several transcription factors, including aryl hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), pregnane X receptor (PXR), liver X receptor (LXR), Sp1, and/or GA binding protein, which regulate SULT and UGT enzyme genes. [32] [33] [34] [35] For example, Sp1 and GA binding protein exhibit synergistic effects on the activation of the TATA-less SULT1A1 gene, 33) and orphan nuclear receptors, including CAR, PXR, and LXR, can activate the SULT2A1 gene. 35) Furthermore, hepatocyte nuclear factor-1¡ is one of the basal transcription factors for the constitutive expression of hepatic UGT genes and the nuclear receptors, i.e. AhR, CAR, and PXR, are associated with the activation of UGT genes. 7, 32, 34) Thus, the SULT and UGT genes are regulated by these gene-specific and/or overlapping transcription factors. Accordingly, the sex differences in SULT and UGT gene expressions observed in the present study seem to occur through androgen-mediated functional modulation of the transcription factors for these genes. Furthermore, the patterns of sex (androgen)-related differences in hepatic SULT and UGT gene expression in pigs were just the opposite, suggesting that there are at least two different androgen-related transcriptional pathways for the genes. One is that transcription factor(s) modified by androgen have the opposite effect on SULT and UGT gene expression and the other is the existence of an androgen-associated gene-specific transcription factor(s). Unfortunately, we have not determined the exact mechanism(s) for such sex (androgen)-related regulation of the genes.
Sex difference (male < female) in hepatic SULT2A1 mRNA level in Meishan, LM, and ML pigs is the same as those observed in mice and rats. 13, 19) Furthermore, sex differences in SULT1A1 mRNA level (male < female) and in UGT1A1 and UGT1A6 mRNA levels (male > female) observed in those pigs were the same as those in mice, but not in rats. [13] [14] [15] 19) Therefore, there might be species-selective and GH/androgen-mediated regulation pathways for these SULT and UGT genes, but the species-selective pathways have not yet been found.
In addition, UGT2B18-like mRNA expression was definitely observed in all the pig breeds, with the exception of Landrace pigs, examined in the present study, and no sex differences in their expression levels were observed. Such breed difference between Landrace and the other (Meishan, ML, and LM) pigs would be caused by genetic differences including nucleotide polymorphisms in the promoter region of the gene.
There is little information on pig SULT and UGT subfamily enzymes in the literature to date, with the exception of nucleotide sequences. Pig SULT1A1 and SULT2A1 genes have been cloned and are reported to be 86% and 82% homologous, respectively, to the corresponding human SULT gene open reading frames. 23, 24) Moreover, pig SULT1A1 metabolizes p-nitrophenol and skatole, one of the boar taints. 23) Concerning UGT subfamily genes, we have confirmed that the pig UGT1A subfamily genes examined herein are 81-84% homologous to the corresponding human UGT1A subfamily gene open reading frames. In contrast, since Fig. 6 . Effects of castration and/or testosterone propionate (TP)-treatment on hepatic UGT1A1, UGT1A6, UGT2B18-like, and UGT2B31 mRNA levels in Meishan and Landrace pigs UGT1A1, UGT1A6, UGT2B18-like, and UGT2B31 mRNA expression levels were determined by real-time RT-PCR. The levels were normalized to that of RPL7 as an internal standard. Each column indicates the mean in each experimental group, and each bar represents the standard deviation of the mean (n = 8 and 7 for intact Meishan and Landrace males, respectively; n = 3 for other groups). Significant differences from the corresponding male pigs: *p < 0.05, **p < 0.01. Significant differences between TP-treated and untreated pigs in each breed:
+ p < 0.05, ‡ p < 0.01.
each pig UGT2B subfamily gene examined in the present study was 76-81% homologous to the either human UGT2B4, UGT2B7, UGT2B10, UGT2B11, UGT2B15, UGT2B17, or UGT2B28 open reading frame, we could not assign the pig UGT2B subfamily genes to any of the human subfamily ones. The pig is a mammalian species of particular interest in pharmacological and toxicological studies. 36, 37) Therefore, further studies on the androgen-associated expression of SULT and UGT subfamily enzymes and their substrate specificity would contribute to the understanding of the sex and inter-individual differences in drug susceptibility and environmental toxicants in humans.
In conclusion, we demonstrate for the first time that serum androgen is one of the endogenous factors regulating the SULT1A1, SULT2A1, UGT1A1, UGT1A6, and UGT2B31 genes in pigs, although the exact mechanisms for androgen-mediated regulations of these genes are not yet clear.
